Dense natural wollastonite bioceramics (CaSiO 3 ) were prepared by a sintering method, varying the pressing load and sintering temperature, in order to obtain different phases of wollastonite, and different physical properties in the materials. The products were characterized by TGA-DTA, XRD, FT-IR, SEM-EDS, TEM and XPS techniques. The results indicate the presence of two polymorphic phases of wollastonite, the β-wollastonite and α-wollastonite with a transition temperature of the β phase to α phase at approximately 1250˚C. These materials were soaked in a simulated body fluid (SBF) during 1, 2 and 3 weeks, to study their solubility and bioactivity. The effect of different wollastonite phases on the solubility of Ca and Si, as well as the capacity of producing layers of "newly formed apatite" on the surfaces of these materials in SBF solution were analyzed.
tion [1] [2] [3] [4] [5] [6] . Any biomaterial for bone substitution or repair must meet two main requirements: Have good mechanical strength and adequate porosity, which allows it to fulfill its function at the site of the injury and support the biological mechanisms of regeneration [4] [5] . Hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ), is a calcium phosphate ceramic of great interest in biomedical applications, due to the similarity of this compound with the material that makes up the bones.
However, synthetic hydroxyapatite has poor mechanical properties, which is why it is mainly used to coat other materials with more resistant mechanical properties. One of the most important reinforcing minerals is wollastonite, a calcium silicate found in natural form with CaSiO 3 molecular formula, which is a biocompatible material with bioactive characteristics, similar to those of hydroxyapatite, which has been used with high efficiency as a reinforcement phase for many composite materials. Nevertheless the wollastonite as an individual phase, has been shown to have an efficient mechanical behavior, as well as excellent bioactive properties, which places it at the forefront, as an important bioceramic to be used in the form of powders or dense sintered materials, to repair injuries related to the human hard tissues. On the other hand, wollastonite presents two different crystallographic phases, the β-wollastonite phase and the α-wollastonite phase; both have different properties and qualities, which must be studied to find their most efficient applications in the environment of the hard tissues [6] [7] [8] [9] [10] [11] [12] . Likewise, natural wollastonite represents a mineral of great regional importance, since in Hermosillo, Sonora, Mexico the mining company "Minera Roca Rodando S. de R.L. de C.V.", performs operations in the deposit "Pilares", producing wollastonite of high purity, which could be used directly as a biomaterial in various clinical applications. For this reason, this research work addresses the study of the solubility and bioactivity of sintered materials of natural wollastonite, which were produced under different sintering conditions, to achieve with it products with different properties, in order to propose an alternative bioceramic material, to be used efficiently as an implant in bone tissue lesions.
Experimental

Preparation of Wollastonite Sintered Bioceramics
The wollastonite sintered materials were prepared using 0.5 g of high purity natural wollastonite (CaSiO 3 , NYAD M200 Minera Roca Rodando S. de R.L. de C.V., Deposit Pilares, Hermosillo, Sonora, Mexico), with 98.25% purity using a sintering technique. The chemical analysis and the typical properties of wollastonite used in this study can be found elsewhere [13] [14] [15] [16] . For the sintering process 2 g of wollastonite in 5 mL of ethanol were ground for 30 minutes in a tungsten carbide ball mill Fritsch Pulverisette 6 planetary mill (Idar-Oberstein, Germany), at a speed of 200 rpm. The ground materials were dried at 120˚C to remove the ethanol and obtain a fine powder. Cylindrical tablets were produced by uniaxial pressing of powders (0.5 g) into a 10 mm diameter die in a Carver Journal of Biomaterials and Nanobiotechnology press Hydraulic Unit 3912 (Carver, Wabash, IN) at a pressure of 70 MPa, 220
MPa and 500 MPa for 5 min. Sintering tests were carried out in a Thermolyne 46,100 high temperature furnace (Thermolyne, Dubuque, IA) at 1200˚C and 1300˚C. The thermal process was developed at a heating rate of 2˚C/min from room temperature to the sintering temperature, with a dwell time of 5 h at the maximum temperature followed by cooling at 2˚C/min.
Evaluation of the Bioactive Properties of Wollastonite Sintered Bioceramics
The bioactivity was evaluated by examining the new layer of apatite formed on the surface of the materials after immersion for 1, 2 and 3 weeks in 40 mL of a simulated body fluid solution (SBF), with ions concentration as reports in Table   1 , nearly equal to that of human blood plasma at 37˚C [17] . After each evaluation period, the samples were taken out of the solution, washed with deionized water and dried at room temperature. The evaluation of the morphology and composition of the layers were carried out by SEM/EDS and XPS. For the determination of the changes in the concentration of Ca, P and Si ions, as well as the pH changes of the SBF solution after soaking for each period of time, the following techniques were used: atomic absorption spectroscopy (for analyses of Ca and Si), colorimetry (for analyses of P) and pH measurement [17] .
Characterization Techniques
To 
Results and Discussion
Transformation of β-Wollastonite Phase to the α-Wollastonite Phase
In order to know the exact temperature at which the β-wollastonite phase is transformed into α-wollastonite, the thermal analysis shown in Figure 1 was developed. This figure depicts the effect of the thermal treatment on the natural wollastonite as received from the mining company Roca Rodando S. de R.L. of C.V., which corresponds to the phase of β-wollastonite, as indicated by the X-ray diffraction pattern presented in Figure 2 , according to JCPDS file 84-0654. The TGA and DTA traces show no apparent change in the whole thermal treatment range for wollastonite; however, the small thermal process around 1250˚C, it may be due to the transition process of β-wollastonite phase into the α-wollastonite phase.
To corroborate the above, the natural wollastonite (β-wollastonite phase) was thermally treated up to 1300˚C for 24 hours and then analyzed by the X-ray diffraction technique. Figure 3 shows the X-ray diffraction pattern for natural wollastonite treated at 1300˚C. In this figure it is observed how this diffraction pattern changed drastically when contrasting this with the diffraction pattern shown in Figure 2 , which indicates that the material was completely transformed to the α-wollastonite phase, according to JCDPS file 74-0874. Figure 4 and Figure 5 show the scanning electron microscope (SEM) micrographs of the surfaces of the sintered materials at 1200˚C and 1300˚C respectively, after Journal of Biomaterials and Nanobiotechnology (002), (102), and (112). Figure 6 shows that for all sintered materials a slight increase in intensity of the peak at 2-Theta = 32˚ of the plane (211) (characteristic of apatite) is observed, confirming the growth of the newly formed apatite layer. In Figure 7 , before soaking, α-wollastonite sinters have an intense peak at the same value of 2-Theta = 32˚, similar to the one presented by apatite; the growth is appreciated when observing that the peaks after immersion for 3 weeks in the SBF solution are wider than those observed before the immersion. Figure 8 shows the variation in the concentration of Ca, Si and P as well as the Figure 7 . X-ray diffraction patterns for natural wollastonite sintered at 1300˚C, pressed at (a) 70 MPa, (b) 220 MPa and (c) 500 MPa, before and after soaking for 3 weeks in SBF solution.
Evaluation of Bioactive Properties of Wollastonite Sintered Bioceramics
Evaluation of the Solubility of Wollastonite Sintered Bioceramics
changes in pH of the SBF solution, as a result of immersion of the sintered materials in this solution for 1, 2 and 3 weeks. These changes are correlated with the bioactivity of these materials.
In the case of the sintered β-wollastonite pressed at 70 MPa, the figure shows a decrease in P concentration, as well as an increase in Si concentration, which stabilize at 60 ppm. As regards the Ca concentration, it increases significantly to reach 600 ppm; also, the pH values increase to reach a nearly value of 9. On the other hand, the sintered α-wollastonite pressed at 70 MPa presents a similar behavior with respect to P and Si concentrations; however, for Ca concentration, it increases to reach 350 ppm and the pH does not reach to have values higher than 8. Hereby, a greater solubility of the sintered β-wollastonite at 70 MPa is observed with respect to the sintered α-wollastonite pressed at 70 MPa. The sintered β-wollastonite pressed at 220 MPa shows an increase in Si Journal of Biomaterials and Nanobiotechnology The sintered β-wollastonite pressed at 500 MPa shows an increase in the first two weeks for Ca concentration, reaching stability in the third week around 360 ppm. The pH reaches values of 8 and then stabilizes. The behavior of P and Si concentrations is similar to the one observed in the previous sintered materials; a decrease in P concentration, and an increase in Si concentration until reaching 60 ppm. On the other hand, the sintered α-wollastonite pressed at 500 MPa reaches values for Ca concentration around 280 ppm and a pH of 7.7. The sintered β-wollastonite pressed at 500 MPa presents a greater solubility with respect to the sintered α-wollastonite at the same conditions. Figure 9 shows the EDS spectra for sintered β-Wollastonite pressed at 220
MPa (one of the most soluble materials in this study), before and after soaking for 3 weeks in SBF solution. According to the EDS spectrum before soaking in SBF solution, the elements identified were Ca, Si and O, which correspond to the wollastonite. After soaking for 3 weeks in SBF solution the elements identified were Ca, P, O and C, corresponding to a newly formed apatite layer similar to the biological apatites that make up the bone tissue. These layers were also analyzed by X-ray photoelectron spectroscopy, corroborating the previous results.
Mechanism of Formation of Newly Formed Apatite on the Surfaces of Materials
The dissolution of Ca ions of the materials into the SBF solution allows an increase in the degree of local supersaturation, causing an increase in the pH of the solution resulting in the precipitation of apatite through the consumption of Ca 2+ , 3 4 PO − and OH − , which is reflected in a decrease in the concentration of the P ions of the SBF solution. Although Ca ions are consumed for the production of the newly formed apatite layer, the dissolution of these ions from the materials is greater than their consumption. Subsequently, the concentration of Ca and Si ions continues to increase while the concentration of P ions continues to decrease, which indicates that this ion is also used for the production of the apatite layer [15] [16].
In wollastonite, the dissolution of Ca ions is faster than that of Si ions. The Ca ions are released into the solution, with which H + ions are exchanged, to form a layer of hydrated silica (that contains Si-OH groups) on the wollastonite fiber surfaces. The Si-OH groups have been recognized as catalyzing agents for the nucleation and growth of the newly formed apatite layer [15] [16]. Figure 9 . EDS spectra for natural wollastonite materials, sintered at 1200˚C pressed at 220 MPa, (a) before and (b) after soaking for 3 weeks in SBF solution.
The kinetics of this process is directly influenced by the sintering temperatures, resulting in a slower process in materials that are sintered at high temperatures [16] .
All the sintered materials showed the ability to form a new layer on their surfaces when coming into contact with the SBF solution, however the different variations in the concentration of Ca, P and Si ions, as well as the pH behavior of the SBF solution show that during the immersion tests, the surface dissolution of the materials takes place with a simultaneous consumption of P ions from the solution [16] .
Conclusion
The sintered materials of wollastonite present a certain grade of porosity, indicating that in the sintering conditions of this study, the materials produced are not completely dense. This grade of porosity, although minimal, is important to ensure its efficient integration with bone tissue, giving rise to more efficient bioactive properties. The results indicate the presence of two polymorphic phases of wollastonite, the β-wollastonite and α-wollastonite with a transition temperature of the β phase to α phase at approximately 1250˚C. The analysis of bioactivity of these materials through their interaction with a simulated body fluid, over several weeks, revealed the formation of a layer of newly formed apatite on their surface. This layer is similar to the biological apatites that make up the bone tissue, which will give rise to the direct union between these materials and the living tissue, once they are implanted in living organisms. The results indicate that the solubility of β-wollastonite is superior to the solubility of α-wollastonite, being the sintered β-wollastonite pressed at 70 MPa, the most soluble material, reaching 600 ppm for Ca ion and a pH of almost 9. On the other hand, sintered α-wollastonite pressed at 500 MPa was the least soluble material, reaching 280 ppm for Ca ion and a pH of 7.7.
